Background: Adiponectin plays an important role in regulating glucose levels and fatty acid oxidation. Multiple studies have assessed the association between rs2241766 polymorphism in the adiponectin (ADIPOQ) gene and obesity susceptibility. However, the results are inconsistent and inconclusive. The aim of this meta-analysis was to investigate this association in adults.
Introduction
Overweight/obese status is the fifth leading risk factor for global deaths and is a major global public health problem. Obesity is a medical condition in which excess body fat is accumulated. Adipose tissue is regarded as an endocrine organ that secretes a number of adipocytokines (e.g., adiponectin and tumor necrosis factor-a), which play important roles in the development of obesity, insulin resistance, and their associated complications [1] .
Adiponectin is a protein secreted by adipose tissue that was independently discovered by different researchers in the 1990s and named ''adipocyte complement-related protein of 30 kDA'' (ACRP30) [2] , ''gelatin-binding protein 28'' (GBP28) [3] , ''AdipoQ'' [4] , and ''adipose most abundant gene transcript 1'' (APM1) [5] . This protein is encoded by the adiponectin (ADIPOQ, also known as APM1) gene, which is comprised of three exons and two introns (17 kb) . The ADIPOQ gene is located on chromosome 3q27, which has been demonstrated to be a susceptibility locus for obesity by several genome-wide scan studies [6] [7] [8] . Researchers have reported that adiponectin in plasma can regulate fatty acid oxidation and glucose levels through the phosphorylation and activation of AMP-activated protein kinase (AMPK) [9] . Moreover, adiponectin levels are significantly decreased in patients with obesity, type 2 diabetes mellitus, or coronary artery disease [10, 11] . A genome-wide association study (GWAS) revealed that the ADIPOQ gene could explain 6.7% of the phenotypic variance for plasma adiponectin [12] . ADIPOQ gene variations were significantly associated with plasma adiponectin levels in several studies [13] [14] [15] [16] , including the rs2241766 G/T polymorphism (P = 0.01) [14] .
The synonymous single nucleotide polymorphism (SNP) rs2241766 in ADIPOQ has been considered to be a candidate SNP for obesity. A number of case-control studies examining the association between ADIPOQ-rs2241766 G/T polymorphism and obesity have been published worldwide [17] [18] [19] [20] [21] [22] . However, there have been inconsistent findings in different populations. Variation in rs2241766 was significantly associated with obesity in studies conducted in Belgium [17] and China [18, 19] . However, conflicting results were published for Swedish [20] and Chinese populations [21, 22] . These discrepancies could be related to racial or regional differences in ADIPOQ polymorphism frequency. Therefore, we performed a meta-analysis to examine the association between ADIPOQ-rs2241766 G/T polymorphism and obesity in adults.
Materials and Methods

Literature Search Strategy
We invited a professional librarian to help us to search literature in the following databases: PubMed, Medline, Embase, ISI Web of Knowledge, Biosis Preview, Ovid, Science Direct, The Cochrane Library, Chinese Wan Fang database, China National Knowledge Infrastructure (CNKI), and Chinese Biomedical Literature Database. Two investigators (JJW and ZL) searched all above databases using appropriate descriptions matching the different retrieval databases. For example, the search strategy for the PubMed database was ''(adiponectin or ADIPOQ or APM1 or ADPN) and (rs2241766 or T45G or SNP45 or Gly15Gly or SNP+45 or 45T.G) and (obes* or BMI or (body mass index))'' in the title and abstract. The search was limited to human studies. Searching languages included English and Chinese. The literature search was updated to November 2013.
Inclusion and Exclusion Criteria
The studies included in this meta-analysis were confined to the following criteria: (1) case-control studies focusing on the association between ADIPOQ-rs2241766 G/T polymorphism and obesity in adults, (2) clear description of the diagnostic criteria for obesity and sources of subjects, (3) genotype frequencies of rs2241766 in obese and control groups or odds ratio (OR) and 95% confidence interval (CI), and (4) Hardy-Weinberg equilibrium (HWE) in the control group.
The following studies were excluded: (1) those that were not designed as case-control studies; (2) reviews, abstracts (without data), comments (without data), and duplications of publications (if there was more than one study with the same population by different investigators or overlapping data by the same authors, we selected the complete articles with the largest number of subjects); (3) studies with control groups that deviated from HWE; (4) studies with participants diagnosed with secondary obesity or other serious diseases; or (5) studies that included children. 
Data Extraction
Two researchers (JJW and ZL) independently reviewed all studies to determine whether an individual study could be retained for the meta-analysis and extracted information and data from all included studies. All disagreements were discussed with a third reviewer (KM) until consensus was reached.
The following information was obtained from each study: the last name of the first author, the year of publication, country, source of controls, gender and age of the enrolled subjects, definition of obesity, numbers of genotypes in cases and controls, and HWE in each control group. The control source was stratified to population-based (PB) and hospital-based (HB) studies. If necessary data were not reported in the primary paper, we contacted the corresponding authors by e-mail to request the missing data.
Statistical Analysis
We performed overall and subgroup meta-analyses, the latter were stratified by ethnicity. The pooled ORs and 95% CIs were calculated to measure the strength of the genetic association between ADIPOQ-rs2241766 G/T polymorphism and obesity. The significance of the pooled effect size was determined by Z tests, and P,0.05 was considered statistically significant. The heterogeneity test was analyzed using the Q-test and I 2 statistic [23] . A P value of the Q-test .0.10 indicated no heterogeneity among the studies, and the Mantel-Haenszel fixed-effect model could be used as the pooling method. Otherwise the randomeffects model was adopted. I 2 statistic (between 0% and 100%) documented the percentage of observed study variability due to heterogeneity rather than chance and was used to assess heterogeneity [23] . All above statistical analyses were performed using Review Manager (Version 5.0.2, the Cochrane collaboration). Publication bias was evaluated with funnel plots and Egger's regression tests [24] with STATA software version 10.0 (STATA Corp., College Station, Texas, USA). Each point in the funnel plots represents a separate study included in the metaanalysis. Both the symmetrical shape of the funnel plots and P,0.05 suggested no evidence of publication bias. We calculated the P-value of HWE for the control group in each study by Chi-square tests, and P$0.01 was considered to adhere to HWE. Figure 1 shows the literature search and selection flow chart. A total of 1,157 studies (516 in English and 641 in Chinese) were identified through the database search. After reading the titles and abstracts, 655 studies with duplicate titles and 401 articles that were review articles or assessed unrelated diseases were excluded. The main text of 101 studies was carefully reviewed, and we excluded 83 papers that assessed unrelated polymorphisms, were not case-control designs, were conducted in pediatric populations, did not define obesity, or studied controls that deviated from HWE. Finally, 18 relevant studies (1 study published in English was conducted in a Chinese population) that included 2,819 cases and 3,024 controls concerning ADIPOQ-rs2241766 G/T polymorphism and obesity were eligible for the meta-analysis [17] [18] [19] [20] [21] [22] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Table 1 summarizes the main information of the selected studies, including source of controls, genders, age, definition of obesity, frequencies of genotype and allele in cases and controls, and HWE. Overall, 11 studies were carried out in China, and 7 were performed in other countries, which were categorized as ''Studies not conducted in China''.
Results
Study Characteristics
Meta-analysis of all Eligible Studies
Overall, no significant heterogeneity was detected between the ADIPOQ-rs2241766 G/T polymorphism and obesity risk (P for heterogeneity = 0.520, I 2 = 0%) in the addictive genetic model (GG vs. TT), and a fixed-effect model was employed to assess the combined OR value and 95% CI. The results showed that ADIPOQ-rs2241766 GG homozygote status was significantly associated with an increased risk of obesity compared with TT wild-type homozygote, while one mutation allele (GT) could not significantly increase the risk of obesity (GG vs. TT: OR = 1.39, 95% CI: 1.11-1.73, Figure 2A , Table 2 ; GT vs. TT: OR = 1.13, 95% CI: 0.94-1.36, P for heterogeneity = 0.006, I 2 = 51%; P for trend = 0.011). A significant association was also observed in the recessive model (GG vs. 
Subgroup Analysis
The combined minor allele frequency (MAF) of the G allele was 28.16% in controls among the studies conducted in China and 14.34% in controls among the studies not conducted in China. Distributions of the genotype frequencies in controls were significantly different between the two groups (x 2 = 164.84, P,0.001). Considering ethnic variations, we performed a subgroup analysis of the studies by population grouping of Chinese studies and non-Chinese studies. Eleven studies including 1,454 obese subjects and 1,685 controls were pooled in the metaanalysis for the Chinese subgroup. The results suggested that compared with TT genotype, subjects carrying the GG genotype had a 1.54-fold higher risk of obesity (95% CI: 1.19-2.00; P for heterogeneity = 0.700, I 2 = 0%, Figure 2B , Table 2 ), while subjects carrying one mutation allele (GT) did not had a significantly higher risk of obesity (OR = 1.25, 95% CI: 0.95-1.64; P for heterogeneity = 0.005, I 2 = 60%; P for trend,0.001). No statistically significant association was found in the non-Chinese studies (GG vs. TT: OR = 1.02, 95% CI: 0.66-1.58; P for heterogeneity = 0.400, I 2 = 2%, Figure 2C , Table 2 ; GT vs. TT: OR = 1.02, 95% CI: 0.85-1.23; P for heterogeneity = 0.280, I 2 = 20%; P for trend = 0.896). Similar results were observed in the other three genetic models (data not shown).
Sensitivity Analysis
In order to assess the stability of the meta-analysis results, sensitivity analyses were performed by omitting the studies with different diagnostic criteria of obesity in Chinese studies [27, 31] and in non-Chinese studies [20, [32] [33] . We also removed two non-Chinese studies that only assessed females [17, 20] because gender was another confounding factor. The results were not different when these studies were omitted, which suggested that the models were robust (Table 2) . Similar results were observed in the other three genetic models (data not shown).
Publication Bias
Publication bias was examined by funnel plot qualitatively and estimated by Egger's test quantitatively. The shapes of funnel plots seemed almost symmetrical, suggesting that there was no publication bias for ADIPOQ-rs2241766 G/T polymorphism (Figure 3 ). Egger's test did not show evidence of publication bias overall (t = 20.82, P = 0.426), in Chinese studies (t = 20.08, P = 0.935) or in non-Chinese studies (t = 21.00, P = 0.390).
Discussion
The present meta-analysis indicated that the ADIPOQrs2241766 G/T polymorphism was associated with obesity in overall populations (GG vs. TT, OR = 1.39, 95% CI: 1.11-1.73), although one mutation allele (GT) could not significantly increase the risk of obesity. There was a stronger association in the Chinese studies (OR = 1.54, 95% CI: 1.19-2.00) but no relationship in the non-Chinese studies (OR = 1.02, 95% CI: 0.66-1.58). Similar results were observed in the allelic, recessive, and dominant genetic models.
ADIPOQ gene was regarded as the only major gene for plasma adiponectin [12] . Adiponectin is secreted primarily by adipose tissue and is thought to mediate increased AMP-activated protein kinase (AMPK) phosphorylation and activity, as well as peroxisome proliferator-activated receptor-a (PPARa) activity, by binding to adiponectin receptors (AdipoR1 and AdipoR2), to activate fatty acid oxidation and glucose uptake both in skeletal and cardiac muscles [37] . Adiponectin-deficient mice exhibit insulin resistance [38] , and adiponectin replacement in humans was reported to be a promising method to prevent and/or treat obesity and type 2 diabetes [39] . Interestingly, plasma adiponectin levels were lower in obese individuals than in lean subjects [10] and could be significantly increased by weight loss [40] . These studies suggest that adiponectin is involved in the development of obesity.
Plasma adiponectin levels showed high heritability [41] , and a meta-analysis of GWAS determined that only the ADIPOQ locus exerted an important effect on plasma adiponectin levels [12] . A variant of ADIPOQ-rs2241766 G/T was reported to be associated with adiponectin level [14, 35] . Research showed that this synonymous mutation may affect steady-state mRNA levels by altering RNA splicing or stability [42] , suggesting an allele-specific differential expression of adiponectin. The steady-state mRNA levels transcribed by the G allele were higher than those by the T allele in the adipose tissue of heterozygous subjects, and multivariate linear regression analyses with age and gender adjusted showed that the dose of the G allele was associated with a reduction of approximately 1.12 kg/m 2 in BMI in Taiwan population [42] . Therefore, the speculation that the ADIPOQrs2241766 G/T polymorphism might be associated with obesity is reasonable.
To our knowledge, the present study is the first meta-analysis to assess the association of rs2241766 polymorphisms with obesity. The G allele appeared to be one of the genetic risk factors for obesity susceptibility in the overall studies especially in the Chinese studies. Adiponectin has also been considered as a marker for metabolic syndrome (MetS). A meta-analysis including 13 studies with 2,684 cases and 2,864 controls in the Chinese population was performed to detect the association of rs2241766 variant with MetS [43] , and the results confirmed that the G allele frequency in MetS patients was significantly higher than those of controls (29.8% vs. 23.3%, OR = 1.40, P = 0.033), which was consistent with our research.
It should be noted that we failed to detect a significant association in the non-Chinese subgroup analysis. The observed significance in the overall studies might be driven only by data from the Chinese studies. The discrepant results in the Chinese studies and non-Chinese studies may be due to differences in the studies' diagnostic criteria for obesity, genetic backgrounds, gender ratios, environmental effects, and population substructure. The criterion for obesity in most Chinese studies was defined as $25 kg/m 2 [18, 19, 21, 22, 25, 26, [28] [29] [30] , except for two studies that used $28 kg/m 2 [27, 31] . Conversely, most non-Chinese studies defined obesity as $30 kg/m 2 [17, [34] [35] [36] , two studies employed other thresholds [20, 33] , and another used waist circumference (WC) to diagnose obesity [32] . Furthermore, two studies were only performed in women [17, 20] . Therefore, we conducted a sensitivity analysis by omitting studies in which obesity was defined by different criteria and studies conducted only in women. The results showed that the pooled ORs and 95% CIs were not obviously influenced by those studies.
In the present study, the G allele frequency in the Chinese studies was significantly higher than in the non-Chinese studies (28.16% vs. 14.34%, P,0.001), which approximately agreed with the results reported in the NCBI database [44] . Interestingly, the conflicting association between rs2241766 polymorphism and diseases in different ethnicities was also reported in a previous study [45] . A meta-analysis including 5,318 cases and 6,118 controls reported that the G allele was a potential protection factor for breast cancer risk in Caucasians but was not associated with cancer susceptibility in Asians [45] . Similarly, the G allele frequencies of controls were 33.00% in Asians and 16.00% in Caucasians, which were consistent with our findings. Racial heterogeneity might be at least partially attributable to the ethnicity-related distribution of the G allele.
Furthermore, obesity has been reported to be the result of interactions between genetic and environmental factors. We considered that there might be some other causal variants at this locus, and polymorphism, interaction, or linkage disequilibrium affecting these variants could contribute to obesity. Moreover, lifestyle and dietary habits are quite different in the two populations, which may greatly affect the occurrence of obesity. Unfortunately we could not obtain more information about these environmental factors (e.g., eating habits, physical activity, smoking, alcohol intake) to assess the interactions between environmental factors and rs2241766 polymorphism.
Some limitations of the present meta-analysis should be taken into consideration when interpreting the results. Firstly, although we searched multiple databases with the aim to collect all eligible studies, we may have missed publications. The small number of studies included in this meta-analysis also limited the ability to draw more solid conclusions. Secondly, the search language was limited to English and Chinese during the systematic review. Thirdly, this meta-analysis was based on unadjusted ORs and 95% CIs, because we could not obtain the adjusted ORs and 95% CIs from most of the included studies except for one performed in a Tunisian population [34] and another study that defined obesity by WC [32] . No significant association between the rs2241766 polymorphism and obesity was found in either of these studies. Fourth, obesity is a result of the interaction between environmental factors and genetic loads. More than 200 genes have been recognized as obesity candidate genes in association studies. However, we could not address gene-gene or gene-environment interactions due to a lack of related information in the included studies.
In conclusion, this meta-analysis indicated that the ADIPOQrs2241766 G allele might be associated with increased risk of obesity in adults in the Chinese studies but not in non-Chinese studies. Better designed studies that consider confounding factors in larger sample sizes with a focus on the relationship between ADIPOQ-rs2241766G/ T polymorphisms and obesity are required to confirm our findings.
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